An exchange rate between two currencies can be described in a binary representation. The binarization algorithm transforms the exchange rate represented by tick data into a binary string. Each course change equal to a given discretization unit is assigned a binary value indicating the direction of the change. The performed statistical analysis confirms the existence of a correlation between previous course changes and the probability of future direction of the changes. In order to conduct a more detailed analysis of the exchange rate in a binary representation, each shift in the trajectory can be assigned a parameter representing the duration of the change. Depending on the current market dynamics, course trajectory changes may occur at different moments in time. The main goal of the presented research is to verify the existence of any dependences between the duration of a change and the probability of future direction of the change.
Introduction
Currency exchange rates are characterized by a high variability in time (they can change even every few seconds). Therefore, their values are usually presented by broker platforms in the form of a candlestick chart. This representation depends on established time intervals, i.e. the time based on which a single candlestick is being constructed. Traditional intervals are usually 1, 5 or 30 minutes, 1 or 4 hours and 1 day [Schlossberg 2006 ]. Each candle is represented by four values: the maximal rate, minimal rate, opening rate and closing rate. This method of visualizing a course trajectory can also be applied in a technical analysis for appointing particular indicators [Murphy 1999; Schlossberg 2006; Yazdi & Lashkari 2013; Valcu 2004; Neely& Weller 2011] . Applying the candlestick representation, in which the candle parameters are dependent on a predetermined time interval, can lead to some significant interpretation difficulties. This kind of representation can lead to a loss of information about the order and number of changes "inside" the candle. In order to solve this problem, the author proposes a binary representation of the exchange rate course.
In this kind of representation, each exchange rate trajectory change equal to a given discretization unit is being assigned a binary value indicating the direction of the change. This approach allows for eliminating from the analysis intervals characterized by lack of variability, that is, for example, nights. On the other hand, the representation still encompasses key information, i.e. the direction and level of rate changes. The achieved course representation (in the form of a binary string) is dependent only on the assumed discretization unit. Yet, one may ask if the duration of a change equal to a given discretization unit in an exchange rate trajectory has a substantial impact on the probability of further change direction? This article answers the abovementioned question by presenting a new representation method for the course -a binary-temporal representation -in which each price change is described by both a binary variable and duration of a rate change, calculated in seconds. In the following chapters, an attempt to evaluate the prognostic value of time in proposed representation model was made. To realize this goal, time distributions for a given change type were analyzed using proper statistical tests.
The presented article is organized in the following way. In the second chapter we describe the general premises and advantages of a binary representation for a currency pair exchange rate. In the third chapter we propose the assumptions of a binary-temporal representation. The next chapter is dedicated to statistical analysis of the time parameter's impact on the direction of a future rate change. The last chapter presents the results of performed research.
Binary representation of an exchange rate
As was already mentioned before, currency exchange rates are characterized by high variability in time. It is common knowledge that significant rate changes can happen in an interval of a few or a dozen seconds. At the same time, the rate course can alternate in a highly dynamic way -with changes of a high amplitudebecause of, for example, presenting significant macroeconomic information (central banks' decisions regarding the level of interest rates, price indicators, etc.). In some instances, the exchange rate shifts over a few minutes can be more dramatic than changes registered during some long periods of hours or even days. Moreover, some changes are characterized by different dynamics during the day (that is, when stock markets, banks and other financial institutions are actually open and macroeconomic date is being presented) and during the night [Cheung & Chinn 1999; Murphy 1999; Schlossberg 2006; Oberlechner 2005] . This kind of situation leads to high complexity of the models encompassing the time parameter in order to describe the exchange rate course. The second problematic issue lies in the volume of the data. Most of the broker platforms present the exchange rate in the form of a candlestick chart for a given time interval (typically within the range of 1 minute to 1 year). The processed data is then used to calculate the value of market indicators.
Course discretization was used for the first time in the early years of the 20th century in order to create and analyze data charts in the so-called Point and Figure method [De Villiers, 1933] . Even though this method is far more precise than others, it was soon replaced by the candlestick chart analysis and was never further developed. In works of [Stasiak 2016 ], a binary representation which allowed for the conversion of an exchange rate trajectory into a binary string was used. In this approach, the sole parameter is the discretization unit that describes the length of the trajectory change for which the change will actually be noted.
The discretization algorithm works in the following way: the algorithm assigns an upper and lower change limit for the initial exchange rate value. The limit is equal to a positive or negative value shift of one discretization unit. When the exchange rate falls below the lower change limit, the algorithm assigns a binary value of (0) to the respective change, and in a contrary situation, i.e. in the case of exchange rate increasing above the upper change limit, it assigns it the binary value (1). In the next steps, the algorithm calculates further limit values based on the current exchange rate course. As a result of this procedure, the exchange rate course trajectory is presented as a binary string (e.g. 10101……01111). In case of encountering any data gaps for prices, e.g. after weekends, the algorithm checks which value would have been reached and assigns a respective result. The general idea of the discretization algorithm's performance is presented in Figure 1 .
Binary representation characteristics
Depending on the established value of the discretization unit, the achieved trajectory of exchange rate changes may have a different character. When appointing the discretization unit, it is crucial to include the characteristics and frequency of the changes for a considered currency pair as well as the spread offered by the brokers, etc. Choosing a high discretization unit can lead to such consequences as ‚losing' a part of significant information. In the case of using small (only a few pips) discretization units, the representation will register some random fluctuations of the so-called ‚noise'. The problem of the level of changes qualified as a noise was widely analyzed in existing literature, e.g. [Lo, Mamaysky & Wang 2000; Logue& Sweeney 1977 , Menkhoff & Taylor 2007 Neely & Weller 2011 ]. Yet, it is difficult to indicate any specific recommendations for a binary analysis of a given currency pair. The minimal discretization unit can be described as optimal if it eliminates the influence of the noise.
In order to verify the achieved binary strings, a statistical analysis aiming to exclude ran- Test) confirmed the randomness hypothesis for the analyzed binary string. This result can be derived from the fact that in the long periods the summed numbers of zeros and ones in the binary strings were similar [Rukhin et al. 2010; Menezes, Oorschot & Vanstone 1996] . The three remaining tests reject the hypothesis of randomness. This means that there exists a possibility of some regularities connected with different frequencies in which zero-one sequences occur. To summarize, one can state that the statistical test results indicate the possibility of some correlation between the historical trajectory and the direction of future changes [Godbole & Papastavridis 1994; Chung, 2012; Rukhin et al. 2010; Menezes, Oorschot & Vanstone 1996 , Weigl& Anheier 2003 Soto 1999] . In the presented research the tick historical data from Ducascopy was used, regarding the period of 5 years (01.01.2010-01.01.2015), for a EUR/USD currency pair. Relatively recently, the access to the currency market was restrained for professional investors. As a result of the development in telecommunication and informatics, in recent years the number of market participators highly increased (development of broker platforms, decrease of required deposit levels). Technological changes allowed for faster transactions, where time is actually measured in microseconds. Moreover, the implementation possibilities of HFT systems (which are becoming more and more popular) making hundreds or thousands of transactions, also have an influence on the market performance and characteristics. Taking into account all of the above premises, considering a five-year period for the analysis seems to be sensible. When using the statistical tests, the level of significance recommended by NIST was used, that is 0.05 [Ruthin et al. 2010] . The research results of the performed analysis suggest that the binary representation can be applied in constructing prediction models, yet, it lacks some information connected with the duration of a single exchange rate change. This raises the question if the knowledge about the duration time increases the prediction capabilities of the binary representation analysis.
A comparison of Binary and Candle representations of an exchange rate
Let us now consider exchange rate trajectory modelling in order to construct HFT systems. In HFT systems, the algorithm automatically performs hundreds of transactions of a few or a few dozen pips range. Investor's revenue is assured by a statistical majority of successful transactions. In the case of modelling such small changes, candlestick representation leads to a loss of information about the changes "inside" the candle, and in consequence, to unreliable modelling results. Even when using one-minute candlesticks (i.e. the most precise of candlestick charts offered by broker platforms), an investor still loses a lot of important information about respective changes occurring in the periods of high investors' activity shorter than one minute.
In Figure 2 , a comparison between timeand binary representation of exchange rate changes is presented. Two exchange rate trajectories in a given time period are shown ( Figure  2a and Figure 2b ). Both of them can be represented by a candle of the same parameters. The example clearly depicts that, despite the same candle representation, the process of exchange rate trajectory changes can have an entirely different scenario and be actually characterized by different binary strings (101 in Figure 1a and 1 in Figure 1b) . Moreover, the abovementioned example shows another disadvantage of the candlestick representation. Let us assume that the HFT system algorithm makes a sale transaction in which parameters SL and TP are placed one discretization unit above and below the price. In the case presented in Figure 2a the investor achieves a profit; however, in the case presented in Figure 2b they will register a loss. It is impossible to differentiate the situations based only on historical candlestick charts.
Binary representation can be used in a simple way to create HFT systems. Let us consider a sale transaction with a TP parameter smaller than the current price by a discretization unit and with an SL parameter higher than the current price by the same discretization unit. The probability of a profit is equal to the probability of the occurrence of the value 0 in the binary representation, and the loss probability is equal to the probability of encountering a 1. An analogous situation takes place in the case of the purchase transaction.
To summarise, binary representation allows for more accurate modelling of the course trajectory as compared to candlestick representation and thus can be used in constructing HFT systems. 
Binary-temporal Representation
As indicated in the research results described in the previous chapter, in order to create a valid prediction model, binary representation can be applied to the data. In the case of small discretization units (a few or a few dozen pips), the duration of the change is not significant from the investor's (or HFT automaton's) point of view. On the other hand, the parameter can have an additional information value when used in the prediction of future exchange rate changes. For example, let us consider a discretization unit of 20 pips. If an increase in the exchange rate occurred in a short time, let us say, 5 seconds, then the probability of the further increase is higher than in the case of the same change lasting, for example, two hours.
In order to perceive the duration time of a change as a parameter of binary representation, in the presented article we propose binary-temporal representation. The main idea of this method's algorithm can be described as follows. The procedure indicates the upper and lower change limit for an initial exchange rate value. The limits are equal to the positive and negative shift in the exchange rate with a length of one discretization unit. The algorithm also registers the initial time of the change occurrence. If the exchange rate falls below the lower limit, the algorithm assigns two values to the registered change -a binary value of (0) and the duration of the change given in seconds (t). In the case of an increase in the price being higher than the upper limit, the algorithm assigns the binary value of (1), along with the change duration time (t). In the next steps, the algorithm indicates next limits calculated using the current exchange rate and the time when the previous course change ended. As a result of the algorithm operation, the exchange rate trajectory is presented by a string (e.g. 1(5), 0(450), 1(100), 0(345)). Figure 3 presents exemplary algorithm results for creating the binary-temporal exchange rate representation.
Statistical analysis of a EUR/USD exchange rate in binary-temporal representation
In order to confirm the possibility of using time as a parameter of binary representation, a statistical analysis was performed for the change duration distribution times, calculated for the given discretization unit of a currency pair. Because of the difficulties in indicating potential correlations between the change duration and the direction of future changes, an analysis was performed in order to verify if the registered time distribution has a memory-loss character (that is, if there are no influences of previous events on the current event). The registered time distribution was then compared with an exponential distribution, which is characterized by a memory-loss. The main idea was to research the similarity exchange rate trajectory change duration time distribution to the exponential distribution. In order to do so, the Kołmogorow-Smirnow Test and Anderson--Darling were conducted.
Exponential distribution
Exponential distribution can be described in terms of its density function [Bobrowski 1986]: where: f(t) -a density function λ -the intensity of events The cumulative distribution function for exponential distribution is given by the s formula:
By using the cumulative distribution of time between occurring events we can determine the unconditional probability value P(T>t), i.e. the probability that the time between given events is longer than T:
Simultaneously, we can calculate the probability values P(T>t+τ), i.e. the probability of the time between events being at least t+τ long:
The above stated probability can be rewritten as:
where P(T>τ│T>t) is the conditional probability stating that the time between events will last for at least another period of τ. Based on (3)-(5) we can conclude that:
The conditional P(T>τ│T>t) and unconditional P(T>τ) probabilities are identical, which means that knowledge about the past does not have any influence over the variable characterized by exponential distribution [Stasiak et al. 2010] . In consequence, changes characterized by exponential distribution cannot be used in the analysis aiming to predict future events.
Distribution testing
In order to verify the similarity of the variable distribution to a given theoretical distribution we can use the statistical tests. The Kołmogorow-Smirnow Test (often called the Kołmogorow Test) verifies if the registered distribution of a variable differs from a given theoretical distribution, when only a finite number of variable observations is known to the researcher (i.e. statistical sample). The test compares the cumulative distributions of the theoretical distribution (F0) and the empirical distribution (Fn) obtained from the analyzed data [Bobrowski & Łybacka 2006; Gibbons & Chakraborti 2011; Górecki 2011]: where D is the test's statistic.
The verification of the coincidence between the empirical and theoretical distribution can be also performed with the use of the Anderson-Darling Test [Anderson & Darling, 1952] . This test is characterized by stronger statistical power than the Kolmogorov-Smirnov test [Razali & Wah, 2011 ], yet it also compares the differences between the empirical and theoretical cumulative distribution. Statistic A of this test can be calculated based on the following formula:
As a result of the applied tests, we can confirm or reject with a given statistical significance, the hypothesis of coincidence between the theoretical and empirical distribution.
Time parameter analysis of a EUR/USD exchange rate in binary-temporal representation
The distribution of change duration times was researched for a 5-year period (0.1.01.2010-01.01.2015) of tick data observations for EUR/USD exchange rates. The tick historical data was sampled from the Ducascopy broker. Based on the MQL4 software written by the author in order to perform described research, binary-temporal exchange rate represen-tation using a 20-pips discretization unit was achieved for a given period. Taking into consideration such parameters as noise, the spread value and change dynamics, the author deemed the 20-pips discretization unit as ‚optimal' for application in HFT systems (that is, the value allows the representation not to include too much of random noise). Next, by using a statistical packet R with the implemented Kołmogo-row-Smirnow and Anderson-Darling Test [Gó-recki 2011] , the hypothesis of the coincidence between the duration distribution of falls or increases of an exchange rate with a theoretical (exponential) distribution was verified. The tests results confirm the lack of coincidence with the exponential distribution for the established 0.05 significance level. In Picture 3 cumulative empirical distribution achieved from the researched data and theoretical cumulative distribution of the exponential distribution for the duration of increases (Picture 3a) and the duration of falls (Picture 3b) are presented. The majority of changes lasted about 5000 seconds (the median is 2548 seconds for falls and 2277 seconds for increases). Thus, in further research it can be beneficial to focus on the classification of the changes in a few-minute-long intervals. An unexpectedly long change time, for example two hours, can be treated as an anomaly, which also has high forecast significance.
The statistical analysis mentioned above was performed for higher discretization units as well, that is, respectively 25, 30 and 35 pips. In all cases the results were analogous (the hypothesis of the empirical distribution being coincidental with the exponential distribution was rejected on the significance level of 0.05).
Summary
In the paper, a new binary-temporal representation of an exchange rate trajectory was presented. This kind of representation is an alternative to course trajectory visualization as compared to candlestick charts. Its main advantage lies in encompassing more information about the course variability. Binary-temporal representation can be used in creating HFT systems (the probability of the future direction of a change is equal to the probability of an investor's profit/loss). The EUR/USD analysis performed by statistical tests and presented in the article suggests relations between the direction and order of historical data and the direction of a future change. A statistical analysis of dependences between the duration of the previous changes and the direction of a future change was also performed by the means of the Kołmo-gorow-Smirnow and Anderson-Darling Test. The research results confirmed the existence of such relationships.
Research was conducted for different discretization units and based on the historical data of the EUR/USD course. All tests used a 0.05 statistical significance level and were applied to a few-thousand-element data set. Research results confirm the possibility of applying the binary-temporal representation to precise modelling of an exchange rate trajectory and for constructing prediction algorithms for HFT algorithms.
